ECODAB (the E. coli O-antigen database) has been expanded to include information about glycosyltransferases (GTs) involved in the assembly of the O-antigen polysaccharide. Similarity searches have been performed to be able to determine GT functions that have not been reported prior to this work. In addition to suggesting the function of 179 GTs, the approach leads to the prediction of part of the O-antigen structures of a number of serogroups. The procedure suggests a novel way of combining genetic information with experimental techniques in structural analysis of oligoand polysaccharides.
Introduction
The O-antigen polysaccharide is part of the lipopolysaccharides covering Gram-negative bacteria (Raetz and Whitfield 2002) . Classification of Gram-negative bacteria is based on the O-antigen (the lipopolysaccharide), the H-antigens (the flagella) and the K-antigen (the capsule) (Nataro and Kaper 1998 ). There are three major classes of genes involved in building the O-antigen polysaccharide and in most cases they are located in a gene cluster between the galF and gnd genes, but there are also exceptions where they are located between the gnd and his genes (Samuel and Reeves 2003) . Products of the first class of genes are responsible for synthesizing the sugar units in the polysaccharide. The second class produces the glycosyltransferases, which create the glycosidic linkages between the sugar residues. The third class of genes encodes for proteins processing the O-antigen, such as Wzx and Wzy or Wzm and Wzt (Samuel and Reeves 2003) . Figure 1 shows an example of the assembly of the repeating unit of the E. coli O128 O-polysaccharide (Sengupta et al. 1995) .
In E. coli, there are two pathways for assembling the O-antigens, called the Wzy-dependent pathway, also known as the Wzx/Wzy assembly and export pathway, and the Wzyindependent pathway, or the Wzm/Wzt export system. The Wzy-dependent pathway is most common in E. coli, whereas the other pathway has only been observed for homopoly-1 To whom correspondence should be addressed: Tel: +46-8-16-37-42; Fax: +46-8-15-49-08; e-mail: gw@organ.su.se mers and heteropolymers made up of disaccharide repeating units (Samuel and Reeves 2003; Feng et al. 2004) . In both cases, the O-unit assembly starts with the formation of a phosphodiester linkage between a sugar and undecaprenyl phosphate (Und-P). This reaction takes place on the cytosolic face of the plasma membrane and is catalyzed by a class of proteins called polyisoprenyl-phosphate N-acetylhexosamine-1-phosphate transferases (PNPTs). WecA is the PNPT that is most common in E. coli and forms Und-P-P-GlcNAc or Und-P-P-GalNAc (Lehrer et al. 2007 ). In the Wzy-dependent pathway, the repeat units are assembled and then flipped, from the cytoplasmic face of the plasma membrane to the periplasmic face, by Wzx. The Wzy-polymerase links the O-units together via a glycosidic linkage to form the O-antigen polysaccharide (Whitfield et al. 1997; Samuel and Reeves 2003) . In the Wzyindependent pathway, the whole polysaccharide is synthesized within the cytoplasm and is flipped across the membrane by an ABC transporter, encoded by wzm and wzt. This pathway is active in E. coli O8 and O9 (Kido et al. 1995; Samuel and Reeves 2003) .
The O-antigen can also be modified after it has been translocated to the periplasmic face. The genes responsible for this are located outside the O-antigen gene cluster. Common modifications are the addition of O-acetyl or glucosyl groups (Samuel and Reeves 2003) . Examples of this are the O-antigens of O4, O16 (Stevenson et al. 1994 ), O139 and O150. This is one explanation why there are sometimes more glycosidic linkages than GTs. It has also been reported that GTs can be bi-functional and create more than one linkage, either catalyzing multiple identical linkages in one structure or different linkages (Rocchetta et al. 1998; Wang et al. 2005 ). This can be observed e.g. in O2, O139 and O150. This shows that the specificity to the donor and/or acceptor sugar can vary between GTs. In some cases, there are more GTs than glycosidic linkages in the structure of the repeating unit. The reason for this is not completely elucidated, but perhaps different GTs can be active under different conditions. This implies that the O-antigen structure can vary depending on the environment (Moran et al. 2002) . In some cases, a GT might perhaps not be active at all, but still remains in the genome.
In order to ensure that the O-antigen repeating units are consistent, GTs need to be very specific, with respect to both the donor sugar and acceptor sugar. The exact specificities of most GTs are not yet determined and it is difficult to do. A reason for this is that the glycosidic linkages can be very diverse, regarding the donor with its anomeric configuration as well as the acceptor. Comparing GTs and sequences is often not enough to associate a GT with a specific linkage. Experimental determination of GT specificity can be performed biochemically by analysis of the activity of a GT; however, this is complicated because of limited availability of donor and acceptor substrates. An alternative method is to mutate the genes of the GTs and to study the products formed. One difficulty associated with this is that a GT can use alternative substrates if they are accumulated, because of the mutated genes. Another problem is that there might be intermediates that accumulate and damage the cell (Stevenson et al. 2008) .
Apart from revealing more knowledge about how the O-antigen repeating units are assembled, the information about the specific functions of GTs would assist when determining the structure of unknown bacterial polysaccharides provided that the GT protein sequences have been reported.
Results
There are currently 272 glycosyltransferases, associated with the E. coli O-antigens in ECODAB. Prior to this study, the function of 62 of them had been determined, 16 of which had their function determined experimentally. By studying the similarities between the GTs in ECODAB, we have been able to putatively suggest the function of 179 additional GTs, 42 of which are from O-antigen structures not yet elucidated (see Figure 2 and Table  S1 ). The combination of O-antigen structure information and relationships between GTs in a single database has drastically simplified the analyses of GT specificities.
To assist the interpretation of the data in ECODAB, the function of the GTs was color coded, to show how it was determined.
• Green -function determined experimentally and published.
• Black -function determined using similarity searches and published.
• Red -function determined using similarity searches and determined in this study.
• Blue -O-antigen structure unknown. Function determined using similarity searches and proposed in this study.
Structural elements of a number of serogroups with undetermined O-antigen structure, but with protein sequence informa- tion on the GTs, have been suggested by postulating the function of the transferases. For example, E. coli O13 has shown serological cross-reactivity with Shigella flexneri 2a (Edwards 1986) , which indicates that their O-antigen structures are very much alike. There are only two GTs in the O13 O-antigen gene cluster while at least four sugars are anticipated. One of the GTs is expected to be bi-functional (Liu et al. 2008) . RfbG in O13 is very similar to WbsY in O105 and WfgK in O150. It also shows a high similarity to WclX in O107. These results suggest that RfbG is responsible for the α-L-Rha-(1→3)-D-GlcNAc structural element. RfbF is similar to many GTs (e.g. O150 WfgI, O148 WbbR and WbbQ, O147 WfbY and O139 WfaI) forming α-L-Rha-(1→2)-or α-L-Rha-(1→3)-linkages to α-L-Rha. Furthermore, the results indicate that WfgI and WfaI are probably bi-functional and responsible for these linkages. Therefore, it is postulated that RfbF is transferring the α-LRha residues to positions 2 or 3 of the respective α-L-Rha acceptors.
Discussion
The characterization of GTs is a challenging task (Samuel and Reeves 2003) . Before this work, there were only a few examples of E. coli O-antigens where all GTs had been identified. The combination of structural data and similarities between E. coli GTs has facilitated the determination of a large amount of GTs and in many cases all GTs of an O-antigen. O-Antigen structures are most often determined by use of NMR spectroscopy (Widmalm 2007) , usually in conjunction with information from chemical analyses. In this project, we have predicted sugar components and structural elements based only on GT protein sequence information in the cases where there were enough similarities to known GTs. The structure propositions based on the GTs are often ambiguous, because of similarities to GTs with different specificities. These suggestions can still be of much assistance when determining O-antigen structures using experimental techniques.
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ECODAB is freely available at http://www.casper.organ. su.se/ECODAB
Material and methods
The E. coli O-antigen database (Stenutz et al. 2006) has been updated to include all published structures of O-antigen repeating units to date. Furthermore, GT information has been added to the database in order to reveal more about how the polysaccharide repeating units are assembled. The specific function of GTs is often unknown. In cases where the function is known, it has been determined experimentally only in a few cases. In most cases, the function has been assigned based on similarities with known GTs, which was also the method used to reveal the function of GTs in ECODAB.
Available information about the GTs was entered in the database regardless if the function was known or not. Automated protein-protein BLAST (Altschul et al. 1990 ) searches, employing Biopython (Cock et al. 2009 ), were run using an expectation value threshold of 0.01, which means that there can at worst be 1% probability that observed similarities occur by chance. In most cases, e-values were much lower than this, typically in the range of 10 −6 or lower. These searches, limited to E. coli, enabled similarities to be found between GTs from different repeating units and in turn facilitated prediction of the specificities of GTs that were previously unstudied. Consequently it was possible to suggest constituent residues of undetermined O-antigen structures, if their GT functions had been determined or predicted from information in the database. When determining the function of a GT, the following procedure was used.
• The O-antigen structure was known:
(a) If the GT had similarities to other E. coli GTs, whose function had been determined, and the O-antigen structure contained that glycosidic linkage, the GT was assumed to be responsible for that glycosidic linkage formation. (b) If there were similarities between two or more GTs, with unknown specificities, in different O-antigen structures with no more than one linkage in common, the GTs were attributed to catalyze the formation of that linkage. (c) If there was only one unassigned GT in the structure and only one glycosidic linkage remained unassigned in the structure, the GT was assigned to form that linkage.
• The O-antigen structure was unknown:
(a) If the GT had similarities to known GTs, the function of the GT was proposed. Sometimes more than one alternative was listed.
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